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Pyrolysis is recently proposed as an efficient fabrication technique ofmicro/nanoscale carbon structures. In order to understand the
morphological evolution in pyrolysis and design the final shape of carbon structure, this study proposes a comprehensivemodel that
incorporates the essential mechanisms of pyrolysis based on the phase field framework. Computational analysis with the developed
model provides information about the effect of interface energy and kinetic rate on the morphological evolution in pyrolysis.
1. Introduction
During the pyrolysis process, various intermediate materials
are generated from carbonaceous precursor, and a carbon
structure remains after sufficient process time.This character-
istic of pyrolysis has been applied to biofuel production [1, 2].
Pyrolysis has been also suggested as an efficient manufactur-
ing technique for micro/nanostructures with glassy carbon.
As an electrode material, glassy carbon is widely used due
to its remarkable mechanical and electronic properties with
chemical stability at low cost. However, due to the high brit-
tleness of glassy carbon, it is very difficult to utilize glassy
carbon for micro/nanodevices even with a simple geometry.
Recently, a fabrication of carbon-microelectromechanical
system (C-MEMS) is suggested as a plausible technique that
can overcome the limit of brittle glassy carbon by pyrolyzing
prepatterned precursors using UV-lithography [3], e-beam
lithography [4], nanotemplate [5], or electrospinning [6]. In
order to develop a solid technique for micro/nanofabrication
with pyrolysis, an efficient and reliable computational model
needs to be developed.
Since the theoretical analysis of the pyrolysis of wood
was conducted, theoretical studies of the pyrolysis have been
performed [7–11]. The pyrolysis process of biomass such as
cellulose was analyzed by an approach based on a chemical
kinetic reaction [7, 12]. Although the earlymodels considered
a simplified one-step reaction, the multistep reaction process
was recently incorporated into a kinetic model [9, 10]. The
kinetic model described the successive reaction and the mass
of reactants and products were quantitatively estimated in the
reaction [10, 13, 14]. However, the morphological evolution
such as a shrinking process in the pyrolysis is difficult to be
described by kinetic model because the model did not incor-
porate any interfacial effects, interface, and surface energies of
each component, which significantly affect themorphological
evolution of micro- and nanostructures [15]. In utilizing the
pyrolysis for the carbon nanofabrication, the dimensional
analysis ofmorphological evolution in the pyrolysis is an imp-
ortant prerequisite.
Therefore, we propose a three-dimensional dynamic
model for pyrolysis.The evolution of each component such as
polymer precursor and carbon, which is driven by multiple
mechanisms, is systematically modeled. The model incorpo-
rates thermal decomposition, diffusion of components, inter-
facial energies between components, and surface energies of
components. To efficiently simulate the dynamic evolution of
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Figure 1: (a) Schematic drawing of pyrolysis process for generation of a carbon nanostructure frompolymer precursor. (b)Model for pyrolysis
process describing the decomposition and generation of components.
decomposedmaterials in pyrolysis, a diffusive interface appr-
oach is employed with the kinetic model. The diffusive inter-
face approach has demonstrated high reliability in simulating
complicated morphological evolutions such as the phase sep-
aration, solidification, and self-assembly of various micro-
and nanoscale structures [16–18]. With the developed model,
simulations are performed analyzing the characteristics of
pyrolysis with respect to themorphology of carbon structure.
2. Computational Methods
In the pyrolysis process, biomaterials at high temperature are
transferred to volatile organic compound, gas, and carbon by
thermal energy, and eventually a carbon structure remains.
We develop amultiphysics andmulticomponentmodel based
on the phase field approach. As shown in Figure 1, we define
a volume faction 𝑐
1
(𝑥, 𝑦, 𝑧, 𝑡) by polymer and 𝑐
2
(𝑥, 𝑦, 𝑧, 𝑡) by
carbon.Thevolatile and gas are defined by 𝑐
3
(𝑥, 𝑦, 𝑧, 𝑡), that is,
1−𝑐
1
(𝑥, 𝑦, 𝑧, 𝑡)−𝑐
2
(𝑥, 𝑦, 𝑧, 𝑡). In the pyrolysis process, an oven
is heated until the pyrolysis temperature and the temperature
are maintained. Thus, we consider an isothermal model.
2.1. Morphological Evolution. The evolution of each compo-
nent is induced by the minimizing process of the total free
energy of the system. We define free energy F as quoted by
the Cahn-Hilliard model [19]:
F = ∫𝑓 (𝑐1, 𝑐2, 𝑐3) + ℎ11 (∇𝑐1)
2
+ ℎ22 (∇𝑐2)
2
+ ℎ12 (∇𝑐1 ⋅ ∇𝑐2) 𝑑𝑉.
(1)
Because 𝑐
3
is volatile or gas, the interactions of 𝑐
3
and
other materials can be ignored. The first term, 𝑓(𝑐
1
, 𝑐
2
, 𝑐
3
), is
the volumetric local free energy of materials. All of gradient
terms are the interfacial energies betweenmaterials. Each int-
erfacial energy coefficient is ℎ
11
, ℎ
22
, and ℎ
12
. The local free
energy generally represents a double well potential. The local
free energy of three components has been derived from the
studies of two-phase solidification [20]. Here, we assume
the local free energy to consist of the linear combination of
double well potentials of components, which have the local
minimum points at 𝑐
𝑖
= 1 and 𝑐
𝑖
= 0:
𝑓 (𝑐1, 𝑐2, 𝑐3) = 𝑓0𝑐
2
1 (1− 𝑐1)
2
+𝑓0𝑐
2
2 (1− 𝑐2)
2
+𝑓0𝑐
2
3 (1
− 𝑐3)
2
+
𝑎1
4
𝑐
2
1 [15 (1− 𝑐1) {1+ 𝑐1 − (𝑐3 − 𝑐2)
2
}
+ 𝑐1 (9𝑐
2
1 − 5)] +
𝑎2
4
⋅ 𝑐
2
2 [15 (1− 𝑐2) {1+ 𝑐2 − (𝑐1 − 𝑐3)
2
}
+ 𝑐2 (9𝑐
2
2 − 5)] +
𝑎3
4
⋅ 𝑐
2
3 [15 (1− 𝑐3) {1+ 𝑐3 − (𝑐2 − 𝑐1)
2
}
+ 𝑐3 (9𝑐
2
3 − 5)] .
(2)
The higher order terms of 𝑎
𝑖
are reduced by taking 𝑎
1
=
𝑎
2
= 𝑎
3
. Then, local free energy 𝑓(𝑐
1
, 𝑐
2
, 𝑐
3
) is simplified by
𝑓 (𝑐1, 𝑐2, 𝑐3) = 𝑓0𝑐
2
1 (1− 𝑐1)
2
+𝑓0𝑐
2
2 (1− 𝑐2)
2
+𝑓0𝑐
2
3 (1− 𝑐3)
2
+ 1.
(3)
The evolution of a free energy system is driven by chem-
ical potential that can be expressed in the model by 𝜇
𝑖
=
𝑑F/𝑑𝑐
𝑖
. It is related to the driving forces that could be repre-
sented by F
𝑑
= −∇⋅𝜇
𝑖
.The flux is represented as 𝐽
𝑖
= −𝑀
𝑖
∇𝜇
𝑖
,
where 𝑀
𝑖
is mobility of material. The diffusive interface is
described by 𝑃(𝑥) = 𝑥3(6𝑥3 − 15𝑥2 + 10). With the mass
conservation relation, 𝜕𝑐
1
/𝜕𝑡 = ∇ ⋅ 𝐽
1
, and 𝜕𝑐
2
/𝜕𝑡 = ∇ ⋅ 𝐽
2
,
the expressions of 𝑐
1
and 𝑐
2
are obtained as follows:
𝜕𝑐1
𝜕𝑡
= ∇ ⋅ [𝑀1𝑃 (𝑐1) ∇𝜇1] ,
𝜕𝑐2
𝜕𝑡
= ∇ ⋅ [𝑀2𝑃 (𝑐2) ∇𝜇2] ,
(4)
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where
𝜇1 (𝑇) =
𝜕
𝜕𝑐1
{
3
∑
𝑖=1
𝑓0𝑐𝑖
2
(1− 𝑐
𝑖
)
2
}− 2ℎ11∇
2
𝑐1
− ℎ12∇
2
𝑐2,
𝜇2 (𝑇) =
𝜕
𝜕𝑐2
{
3
∑
𝑖=1
𝑓0𝑐𝑖
2
(1− 𝑐
𝑖
)
2
}− 2ℎ22∇
2
𝑐2
− ℎ12∇
2
𝑐1.
(5)
The chemical potentials indicate the dynamic evolution
of structure to minimize the bulk and interfacial energies.
2.2. Thermal Decomposition. In the pyrolysis process, the
polymer is gradually decomposed by thermal energy, which
has been described with a kinetic model [10, 13, 15, 21]. Incor-
porating the kinetic model, the thermal decomposed poly-
mer, 𝑐
1
, and transferred carbon, 𝑐
2
, are described by
𝜕𝑐1
𝜕𝑡
= − ]𝑐1,
𝜕𝑐2
𝜕𝑡
= ]𝜃𝑐1,
(6)
where ] is the reaction rate at isothermal and 𝜃 is the genera-
tion rate of 𝑐
2
from the decomposed 𝑐
1
. By combining (4) and
(6), the expression of 𝑐
1
and 𝑐
2
is obtained as follows:
𝜕𝑐1
𝜕𝑡
= ∇ ⋅ [𝑀1𝑃 (𝑐1) ∇𝜇1] − ]𝑐1,
𝜕𝑐2
𝜕𝑡
= ∇ ⋅ [𝑀2𝑃 (𝑐2) ∇𝜇2] + ]𝜃𝑐1.
(7)
In this pyrolysis process, the decomposed polymer gener-
ates amorphous carbon. All these materials dynamically cha-
nge their component ratio to minimize the total free energy
and evolve into nanoscale structures.
2.3. Numerical Computation. By employing the characteristic
time 𝜏 and length 𝐿, we obtain dimensionless numbers; 𝜏 =
𝐿
2
/𝑀1𝑓0,ℎ11 = 2ℎ11/𝐿
2
𝑓0,ℎ22 = 2ℎ22/𝐿
2
𝑓0,ℎ12 = 2ℎ12/𝐿
2
𝑓0,
and 𝜂 = 𝑀2/𝑀1. From normalization, the dimensionless
equations are derived as follows:
𝜕𝑐1
𝜕𝑡
= ∇ ⋅ [𝑃 (𝑐1) ∇𝜇1] − ]𝜏𝑐1,
𝜕𝑐2
𝜕𝑡
= ∇ ⋅ [𝜂𝑃 (𝑐2) ∇𝜇2] + ]𝜏𝜃𝑐1,
𝜇1 =
𝜕
𝜕𝑐1
{
3
∑
𝑖=1
𝑓0𝑐𝑖
2
(1− 𝑐
𝑖
)
2
}−ℎ11∇
2
𝑐1 −
ℎ12
2
∇
2
𝑐2,
𝜇2 =
𝜕
𝜕𝑐
2
{
3
∑
𝑖=1
𝑓0𝑐𝑖
2
(1− 𝑐
𝑖
)
2
}−ℎ22∇
2
𝑐2 −
ℎ12
2
∇
2
𝑐1.
(8)
𝑐
1
and 𝑐
2
represent the change of polymer and carbon vol-
ume fraction, respectively.
3. Results and Discussion
In order to understand the morphological evolution of pyrol-
ysis process, a series of simulations have been performed. A
microscale bar with dimension of 2.0 𝜇m × 6.6 𝜇m is consid-
ered. The ratio of mobility between polymer and carbon is
assumed to be 0.5. The generation rate of carbon from the
decomposed polymer, 𝜃, is set to 0.2.
3.1. Evolution of Polymer and Carbon in Pyrolysis. During the
pyrolysis process, a polymer precursor is gradually decom-
posed by heat and eventually carbon remained. The volatiles
are vaporized and the total volume is decreased. As shown in
Figure 2(a), the simulation result describes the morphologi-
cal evolution during the pyrolysis, which cannot be observed
in experiments. The polymer and generated carbon diffuse
and agglomerate tominimize the surface energy. Eventually, a
microscale polymer bar decomposes and becomes a reduced
carbon structure whose diameter is 1.5 𝜇m. The volume of
polymer is reduced below 10% after 4,000∼5,000 steps. About
90% of polymer precursors are decomposed into carbon
and volatiles within 5,000 steps. The reaction rate decreases
as time passes since the polymer reactant is diminished
by reaction. When the remaining polymer becomes about
10%, the reaction rate is significantly decreased as shown in
Figure 2(b).
3.2. Effect of Surface Interaction. In order to investigate the
effect of the surface energy and interface energy of polymer
and carbon on themorphological evolution during the pyrol-
ysis, simulations with different combination of ℎ
11
, ℎ
22
, and
ℎ
12
are performed as shown in Figure 3. When the interface
energy between polymer and carbon is the same as or smaller
than the surface energy of polymer and carbon, awell-defined
single bar of carbon is generated at the final stage. There are,
however, different morphological evolutions during pyroly-
sis. When the surface energy of polymer is twice larger than
the interface energy and the surface energy of carbon, the
polymer has strong self-interaction and showsmore spherical
cross section than that of case when it is the same as other
energies at 5,000 steps as shown in Figure 3(b). When the
surface energy of carbon is twice larger than the interface
energy and the surface energy of polymer, the carbon already
forms linkage at 5,000 steps rather than forming four bars
surrounding the polymer structure as shown in Figure 3(c).
The effect of the interface energy between polymer and
carbon is presented in Figures 3(d) and 3(e). Case with the
interface energy being smaller than other surface energies
shows similar evolutions with cases with the interface energy
being the same as other surface energies as shown in
Figure 3(d).However, when the interface energy is larger than
other surface energies, a discrete assembly in the longer direc-
tion of cross section is generated. According to the free energy
minimization, the driving force to minimize the interface
energy reduces the interface area between polymer and
carbon. It leads to a rapid separation of two components. As
a result, the separation of polymer and carbon is faster than
other cases and discrete multiple carbon structures can be
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Figure 2: (a) Simulated pyrolysis process in isothermal system. Polymer and carbon are indicated by red and black colors, respectively. (b)
Polymer diminution and carbon generation with respect to simulation time. Polymer, carbon, and volatiles are indicated by red, black, and
blue, respectively.
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Figure 3: Morphological evolutions in pyrolysis with different interfacial interactions at the beginning, 5,000, and 10,000 steps: (a) ℎ
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Figure 4: Polymer diminutions with different reaction rates with respect to simulation time.
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Figure 5: Morphological evolutions in pyrolysis with different reaction rates at the beginning, 5,000, and 10,000 steps: (a) ] = 0.0003, (b)
] = 0.0005, and (c) ] = 0.0007. All simulations are conducted with ℎ
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.
generated as shown in Figure 3(e).When the interface energy
between polymer and carbon is similar or less than the sur-
face energies, a well-defined single structure can be obtained.
3.3. Effect of Reaction Rate. The morphological evolution
proceeds with reducing the free energy of system on the dif-
fusional time scale. In pyrolysis, the decomposition process is
also related with the kinetic process. To investigate the effect
of decomposition process on the morphological evolution, a
series simulation is performed with different reaction rates
as shown in Figures 4 and 5. The remaining polymer during
pyrolysis with respect to the different reaction rates is presen-
ted in Figure 5. When the reaction rate of decomposition is
very slow compared to diffusion as shown in Figure 5(a), it is
difficult to obtain a well-defined structure while the diffusion
process is comparable to the decomposition process. When
the reaction rate of decomposition is faster than the diffusion
process, multiple structures with relatively abundant carbon
are generated as shown in Figure 5(c). If the balance between
the decomposition rate and the diffusion process is not
manipulated, the undecomposed polymer can remain inside
of the generated carbon structure as shown in Figures 5(a)
and 5(c) in the middle of the pyrolysis process.
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4. Conclusions
In this study, we developed a three-dimensional dynamic
model that can simulate the morphological evolution of the
decomposed polymer and generated carbon in pyrolysis. We
investigated the effect of the relation of interface energies
between materials and the reaction rate of decomposition on
the morphological evolution during pyrolysis. Not only the
structure at the early stage but also the final structures can be
variously generated with manipulating the interface energies
and reaction rate.The high reaction rate thatmay be obtained
by processing conditions such as the operating temperature
induces a fast decomposition process, but it may induce scat-
tered structures rather than well-defined structures. When
the interface energy between polymer and carbon is smaller
than the surface energies of polymer and carbon, which
can be manipulated by the different materials and prepro-
cessing, the multiple structures also can be generated. The
developed model increases the versatility of pyrolysis as a
reliable nanofabrication technique by providing the structure
information during the pyrolysis process.
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